Epstein-Barr virus DNA is known to have partially homologous segments, designated DL and DR, near the left and right ends of the long unique region (Raab-Traub et al., Cell 22:257-267, 1980 (4, 19, 27) . Digestion of cloned DNA fragments containing DL with HaeII yields a supermolar fragment of approximately 120 bp (19).
Epstein-Barr virus DNA is known to have partially homologous segments, designated DL and DR, near the left and right ends of the long unique region (Raab-Traub et al., Cell 22:257-267, 1980 ). DL and DR are each partially composed of tandem direct repeat sequences. DL contains 11 to 14 repeats of a 124-base-pair sequence designated IR2. DR contains approximately 30 direct repeats of a 103-base-pair sequence designated IR4. The DL and DR sequences have colinear partial homology for approximately 2.4 and 1.5 kilobase pairs to the right of IR2 and IR4, respectively. IR2 and IR4 are similar sequences and evolved in part from a common ancestor. Both sequences are 84% guanine and cytosine and have limited homology to Epstein-Barr virus IR1 and to the herpes simplex virus type 1 inverted terminal repeat "a" sequence. IR2 encodes part of an abundant 2.5-kilobase persistent early EBV RNA expressed in productively infected cells, but does not encode part of the 3-kilobase Epstein-Barr virus RNA which is transcribed from the adjacent IR1-U2 region of the Epstein-Barr virus genome in latently infected cells.
The Epstein-Barr virus (EBV) genome is a non-isomerizing linear DNA molecule of approximately 180 kilobase pairs (kbp) which consists of several distinct direct tandem repeat sequences which separate discrete regions of unique sequence complexity DNA (for reviews, see references 5, 6 , and 17b). The structural features of EBV DNA are shown in Fig. 1A . Both ends of virion DNA contain a variable number of tandem direct repeats of a 500-basepair (bp) sequence, designated TR, which may facilitate circularization of viral DNA in infected cells (10, 21) . A variable number of direct tandem repeats of a 3,071-bp sequence (2-4, 9, 11) , designated IR1, divides the genome into two largely unique sequence domains: a 15-kbp region, US1, and a 150-kbp region, UL. Located near the center of UL is an unusual direct repeat array of three nucleotide triplets (14a, 16) .
Two sequences of limited homology, DL and DR, are located near the left and right ends of UL, respectively (27) . The homologous DL and DR sequences are at least partially conserved in the genomes of EBV-like viruses that infect baboons, herpesvirus Papio, and chimpanzees, herpesvirus Pan (13) (14) (15) . Restriction endonuclease fragments containing DL and DR from different EBV isolates vary in size by increments of approximately 120 bp, suggesting that DL and DR each contain a variable number of copies of a repetitious sequence (4, 19, 27) . Digestion of cloned DNA fragments containing DL with HaeII yields a supermolar fragment of approximately 120 bp (19) .
The BamHI or EcoRI restriction endonuclease fragments containing DL or DR from several different EBV isolates have previously been cloned into bacterial plasmids (4, 27) . This paper presents detailed restriction endonuclease maps for the DL and DR regions and the nucleotide sequences of the repeat elements within DL and DR. These repeats are designated IR2 and IR4, respectively. IR2 and IR4 differ in length, but are similar in nucleotide sequence, indicating that both have evolved in part from a common progenitor sequence.
MATERIAML AND METHODS
Recombinant plsmids and IsolatIon of EBV DNA fragment. Recombinant plasmids were grown in Escherichia coli and purified by isopycnic banding in cesium chloride with ethidium bromide (4) . Plasmids pDK286, pNT318, and pDA113 contain EBV BamHl-H DNA from the B95-8, W91, and AG876 EBV isolates, respectively (4, 27) . Plasmids pDA70 and pNT27 contain EBV BamHI-B1 DNA from the AG876 and W91 EBV isolates, respectively (4, 27 (27) , including IR2 and IR4, located within the BamHI-H and -Bi fragments, respectively (this paper). Also indicated are the locations of DNA sequences deleted from the nontransforming P3HR-1 EBV isolate (la, 10a, 19, 28) and the transformation-competent B95-8 EBV isolate (27) (22) . The IR2 sequence of pDK286, a clone of B95-8 BamHI-H, was determined by degradation of the separated strands of the 3' end-labeled HaeII-c fragment of BamHI-H and by sequencing leftward from both the 5' and 3' endlabeled Sau3A site in Hinfl-a ( Fig. 1B and C) . The IR4 sequence of pDA70, a clone of AG876 BamHI-B1, was determined by degrading the separated 3' end-labeled strands of the SstI-h fragment and by sequencing 150 bp to the left and right of the 3' end-labeled SstII site between SstII-b and -a ( Fig. 1B and C) . Nucleotide sequences were analyzed by using previously derived programs (26) .
RNA blots and hybridization. Cytoplasmic polyadenylated RNAs were prepared from the latently infected IB4 cell line which was growth transformed by the B95-8 EBV isolate (20, 23, 36) or from productively infected, induced cultures of B95-8 cells (17) . The B95-8 BamHI-H-HaeII-c fragment was purified by acrylamide gel electrophoresis and 3' end labeled with
[32P]dCTP (7) . RNAs were denatured in aqueous formamide and formaldehyde, separated in agarose gels containing formaldehyde, and transferred to nitrocellulose (17, 35, 36) . RNA blots were hybridized at 50°C for 18 h in 6 x SSC (1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 50%o formamide and washed, and fluorograms were prepared as previously described (17, 36) .
RESULTS
Restriction endonuclease maps (Fig. 1B) (Fig. 2A) . The Hinfl-a (Fig. 1B) fragment of W91 BamHI-B1 is approximately 500 bp smaller than the Hinfl-a fragment from AG876 BamHI-Bl (27) , suggesting that there may be five fewer tandem copies of the SstI-h fragment in W91 BamHI-B1. The tandemly repeated HaeII and SstI sites in BamHI-H and -B1, respectively, were each likely to result from tandem direct repeat elements which were designated IR2 and IR4, respectively. Variation in the average number of copies of IR2 and IR4 in the BamHI-H and -B1 fragments, respectively, could account for the observed differences in size of these fragments from different EBV isolates (12) .
Nucleotide sequences of IR2 and IR4. The nucleotide sequences of IR2 and IR4 (Fig. 3) were determined as described above. IR2 was 124 bp and was 84% guanine and cytosine. IR4 was 103 bp and was also 84% guanine and cytosine. The 5'-to-3' nucleotide sequence of IR2 is shown in Fig. 3 as it occurs in the genome orientation indicated in Fig. 1 . The HaeII site in the rightmost IR2 repeat is located two nucleotides before the transition into the unique sequence region U3. IR4 is also shown 5' to 3' in the genome orientation indicated in Fig. 1 . Since neither of the junctions with unique sequences in the adjacent SstI-b and -c fragments has been determined for IR4, the sequence is shown with the single SstI site in IR4 at the beginning of the sequence. SstI-h (IR4) hybridizes to both adjacent SstI fragments, b and c, of BamHI-B1 (data not shown), indicating that part of the 103-bp IR4 repeat sequence is present in both adjacent fragments. The SstI site is therefore likely to be near the center of the IR4 repeat. Both strands of IR2 and IR4 lack translational termination codons in all three reading frames.
Transcription of IR2. The BamHI-H fragment, which contains IR2, encodes part of a 3-kilobase (kb) cytoplasmic polyadenylated RNA in latently infected cells growth transformed by B95-8 EBV (20, 36) and also encodes part of an abundant 2.5-kb persistent early cytoplasmic polyadenylated RNA expressed in productively infected B95-8 cells (17) . To determine whether these RNAs are encoded in part by IR2, the 32P-labeled HaeII-c fragment was hybridized to RNA blots (Fig. 4) . Labeled IR2 hybridized to the abundant 2.5-kb persistent early RNA in productivity infected cells, but not to the 3-kb RNA from latently infected cells. Longer exposure of the fluorograms indicated that IR2 also hybridized to low-abundance 4.5-and 8-kb RNAs from productively infected cells. A trace amount of the 4.5-kb RNA could also be detected in latently infected cells. No RNAs are transcribed from IR4 or DR in B95-8 cells since all of DR is deleted from the B95-8 genome (27, 28) .
Homology between BamHI-H and -B1. A previous report (27) demonstrated that the homology between BamHI-H (DL) and BamHI-B1 (DR) is confined to the Hinfl-a and -b fragments of BamHI-H and to the Hinfl-a and -d fragments of BamHI-B1 (Fig. 1) . To establish the extent of homology between BamHI-H and -B1 within these regions, 32P-labeled BamHI-B1 was hybridized to Southern blots of BamHI-H digested with enzymes that cut within Hinfl-a and -b (Fig.  5A and data not shown). Hybridization was observed to all BamHI-H fragments which lie between the HincII-b and BglII-b fragments (Fig. SA) . BamHI-B1 did not hybridize to the (Fig. 5) .
that DL The regions of DL and DR which includes the iately 3.3 identical PvuII fragments are probably more the right highly conserved than other regions of DL and DR where restriction endonuclease sites are not II-Bl and conserved. nces rela-1I-c (IR2), DISCUSSION The location of the homologous DL and DR sequences in BamHI-H and -B1 are indicated below the restriction endonuclease maps of these fragments. The broken lines identify regions of limited or uncertain cross-homology. The DL and DR sequences are depicted in three domains (1, 2, and 3) which correspond to the homologous sequences identified by the three specific labeled fragments of BamHI-H listed in panel B. elements within IR4 are duplicated in the same order as the putative core sequence, suggesting that the duplication could have been a single event. The 12-and 22-bp repeat elements within IR2 are in inverse order relative to the putative core sequence and therefore are likely to have evolved in two stages. IR2 and IR4 both contain the same 9-bp tandem direct repeat, except for a missing T residue in the second 9-bp repeat in IR2 (Fig. 3) . Duplications of parts of the putative core sequence would be expected to either be conserved or eliminated in all copies of IR2 or IR4 (30) . The extensive homology between the left part of IR2 and IR4 (Fig. 6A ) and the conservation of the 9-bp tandem direct repeats within this region could indicate the importance of this region as some type of regulatory or recognition sequence.
A further observation supportive of the functional importance of IR2 and IR4 is the conservation of sequences homologous to IR2 and IR4 in analogous regions of the genomes of the EBVrelated primate viruses, herpesvirus Pan and herpesvirus Papio (13, 14, 19) . The presence of both IR2 and IR4 is not required for EBV replication, however, since all copies of IR2 are deleted from P3HR-1 EBV DNA (la, 19) and all copies of IR4 are deleted from B95-8 EBV DNA (27) , yet both of these EBV isolates can replicate (23) . IR4, DR, and the 14-kbp DNA segment which contains IR4 and DR are also not required for in vitro growth transformation of lymphocytes since the B95-8 virus is deleted for this region but remains competent for growth transformation.
IR2 and IR4 are relatively simple direct repeats and are unlikely to encode proteins. However, both sequences have three open reading frames on both DNA strands. Comparison with published sequences reveals that there are no likely splice donor or acceptor sites within IR2 and IR4 (25) . It is surprising therefore that IR2 encodes part of the abundant 2.5-kb persistent early mRNA in productively infected B95-8 cells (18) . This RNA appears to encode an 18K polypeptide (17a) which does not appear to be heterogeneous in size as might be expected if it were encoded in part by repeated sequences (32) . The 2.5-kb mRNA is large enough to be transcribed, in part, from IR2 (1.4 kb overall) and still have sufficient coding capacity exclusive of IR2 (1.1 kb) to encode the 18K polypeptide which has been identified as the in vitro translation product of this RNA (17, 17a) . The ability of P3HR-1 EBV to replicate although it is deleted for IR2 (la, 19) suggests (i) that either the IR4-DR region of P3HR-1 encodes an equivalent polypeptide or provides an equivalent regulatory or recognition site or (ii) that the IR2-encoded function is not required for replication of P3HR-1 virus. P3HR-1 virus could be unique in its relaxed requirement for IR2 as a consequence of the deletion of the adjacent U2 sequences (la, lOa, 19) which are part of the template for the 3-kb RNA transcribed from IR1-U2 in latently infected, growth-transformed cells (36) .
IR2 and, to a smaller extent, IR4 have extensive homology to oligonucleotides within the 3,071-bp IR1 repeat (Fig. 6B) (2, 3) . IR1 also has internal repeat elements and may have evolved by expansion of a more simple sequence (2, 3) . Further, the homology of IR2 and IR4 to parts of IR1 suggests the possibility that these parts of IR1 may have evolved by recombination between IR1 and IR2 or IR4 sequences with similar high guanine and cytosine content. The P3HR-1 isolate which is missing the entire U2 and IR2 regions (la, 19) may be a recent example of a recombinational event between IR1 and IR2. That two deletion derivatives of EBV, P3HR-1 and B95-8, are deleted for U2-IR2 and part of U5-IR4-part of U6, respectively, suggests that IR2 and IR4 may facilitate deletion mutation.
The entire DL and DR regions are imperfect direct repeats of each other. Although there is colinear homology between DL and DR, the homology is limited. Except for the 190-bp PvuII fragment, there is little conservation of restriction endonuclease sites between DL and DR. These observations indicate that there is nucleotide sequence divergence throughout the DL and DR homology. These data are compatible with the following alternative hypotheses: (i) that duplication of an entire ancestral DL or DR sequence containing a short tandem direct repeat sequence occurred in a progenitor EBV genome or (ii) that IR2 and IR4 evolved from a FIG. 6 . Consensus sequence of IR2 and IR4. (A) The core nucleotide sequence common to both IR2 and IR4 is indicated by the nucleotides on the horizontal line. Nucleotide residues which are mismatched or deleted in IR2 and IR4 are indicated above or below the consensus sequence, respectively. The numbering scheme indicated above and below the consensus sequence refers to the IR2 and IR4 sequences in Fig. 3 . The solid, dashed, and dotted lines indicate the positions of perfect and imperfect direct repeats in IR2 and IR4 described in Fig. 3 (B and C) . Regions of homology between IR2 or IR4 (2, 3) and EBV IR1 or the HSV-1 "a" terminal repeat sequence (24) The genomes of the EBV group differ from those of herpes simplex virus, cytomegalovirus, and pseudorabies virus in the presence of tandem direct repeats in EBV DNAs and the absence of inverted repeats which bracket the unique sequence domains of these other herpesviruses (1, 18, 24) . Although the inverted repeat elements in HSV DNA permit isomerization of the DNA, the duplication of inverted repeats in HSV DNA is not necessary for virus replication (K. Poffenberger, E. Paberas, and B. Roizman; personal communication). The HSV inverted repeat element has been sequenced previously (24) . Like IR2 and IR4, the sequence is guanine and cytosine rich (77%) and contains numerous internal direct repeat elements, suggesting that it evolved from simpler sequences. Several regions of nucleotide sequence identity to IR2 and IR4 are noted (Fig. 6C ). This suggests that the EBV and herpes simplex virus families may have evolved from a common ancestor.
